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r e S O u r C e Given its role in higher order functions such as cognition and emotion, the cerebral cortex has been a main focus of neuroscience in the last century. Current advancements in microscopy and computational technologies have made it feasible to produce, collect and analyze vast amounts of connectivity data to assemble neural networks of the neocortex in mice 1,2 and rats 3 , which inform research about primate cortical networks 4 . Each cortical area sends descending projections that innervate subcortical structures through hierarchically organized, serially ordered, multi-synaptic neural pathways. However, how descending pathways from the cortex interact subcortically as a network remains largely unknown.
Projections from the cortex to dorsal striatum, or cortico-striatal projection pathways, serve as the initial input to the basal ganglia, and therefore determine how cortical information is transposed, integrated and processed in the basal ganglia to affect a range of sensorimotor, cognitive and emotional functions [5] [6] [7] [8] [9] [10] . Studies have demonstrated topographic cortico-striatal projection pathways in primates, cats and rats 5, [11] [12] [13] [14] [15] [16] [17] , and to a lesser extent in mice 2, 18 . Current theory states that these pathways organize into a few functionally segregated, parallel cortico-basal ganglia-thalamo-cortical loops that convey sensorimotor, associative, or limbic information 5, 6, 19, 20 . This model has been influential in interpreting pathophysiology of disorders such as Huntington disease (HD), Parkinson disease and neuropsychiatric diseases [21] [22] [23] . However, cortico-striatal connections suggest a more granular segregation of these parallel circuits, which could explain the variegated behaviors and symptoms associated with normal function and dysfunction of cortico-basal ganglia circuits 21 .
A hurdle to understanding the detailed organization of corticostriatal projections at the network level and their role in disconnection syndromes such as HD has been the inability to delineate striatal subdivisions. In rodent brain atlases, the entire dorsal striatum, or the CP, remains one of the largest undivided structures [24] [25] [26] , predominantly because it does not lend itself well to subdivision by cyto-or chemoarchitectonic means. Fortunately, topographic projections from the cortex to the CP provide an opportunity for identifying striatal subdivisions, as shown previously in rats 13, 16 and recently in mice 2 .
Extending on this, we first created a comprehensive corticostriatal projectome: a map of cortico-striatal projection pathways arising from virtually the entire mouse cerebral cortex. We developed computational neuroanatomic tools to quantify each projection, and graph theory identified 11 CP communities composed of 29 smaller domains on the basis of their cortical afference. This information demonstrates how cortical information is integrated or segregated in the CP, which is important for understanding the functional segregation of different cortico-basal ganglia circuits. All injection cases, as well as the cortico-striatal projection map, can be found in a publicfacing image database (http://www.mouseconnectome.org/iConnectome/page/search.jsp for injections; http://www.mouseconnectome. org/CorticalMap/page/map/protected.htm?projectId=5 for projection map). Furthermore, we characterized cortico-striatal networks on the basis of how axonal projections from different cortical subnetworks converge or diverge in the CP. Finally, we identified select cortico-striatal disconnections in two different mouse models of disconnection syndromes (the zQ175 model of HD and r e S O u r C e monoamine oxidase (MAO) A/B knockout mice and localized them to unique CP domains. Our results demonstrate the utility of a parcellated CP in potentially explaining manifestations of broad cortico-basal ganglia disorder symptoms and provide insight into circuitspecific characterization of cortico-striatal dysfunctions in models of various diseases.
RESULTS

Constructing the cortico-striatal projectome
We employed a computational neuroanatomic approach to create a comprehensive mesoscopic mouse cortico-striatal projectome. This involved the production, collection, quantification and analysis of ~150 anterograde tracer-labeled cortico-striatal pathways acquired from injections placed across the entire neocortex ( Supplementary  Fig. 1a ), entorhinal and piriform cortical areas, and lateral and basolateral amygdalar nuclei. Small Phaseolus vulgaris leucoagglutinin (PHAL) anterograde tracer infusions confined to a single delineated structure were delivered iontophoretically to produce region-specific projection terminal patterns in the CP ( Fig. 1a and Supplementary  Fig. 1a ). We also carried out double or triple anterograde tracer injections of PHAL, and adeno-associated viruses expressing green or red fluorescent protein (AAV-GFP and AAV-RFP, respectively), to determine direct spatial correlations of axonal terminals arising from different cortical areas (that is, topography or interdigitation) (Supplementary Fig. 2a ). Multiple retrograde tracer injections were made to validate the anterograde tracing data (Supplementary Fig. 1b ). An informatics workflow was developed to reliably annotate, quantify and graphically reconstruct 62 labeled pathways that were the most representative of all of the cortical areas examined (Online Methods). First, each image to be analyzed was warped to its corresponding Allen Reference Atlas (ARA) 24 template (Fig. 1b) . Next, all corticostriatal projection pathways were graphically reconstructed and plotted onto their corresponding level of the ARA (Fig. 1c,d) . Compilation of the segmented images was used to create a connectivity map (that is the, projectome) in which all pathways can be directly compared in a common neuroanatomic frame.
Second, to overcome the challenge of heterogeneous distribution patterns of cortico-striatal projections ( Supplementary Fig. 1a ), a grid-based approach was used to quantify the 62 pathways and index connectivity strength with anatomic specificity. The CP was divided into a grid of 35 × 35 pixel cells with a spatial dimension of 22.5 µm 2 (~0.6 µm per pixel; Fig. 1d ). An overlap indexing process superimposed reconstructions onto the grid and computed an overlap value for each cell. These values were tabulated into a spreadsheet, which was graphically represented as a weighted matrix with cortical areas along the y axis and CP grid cells along the x axis (Fig. 1e,f ). An implementation of the Louvain community detection algorithm 27 was applied to cluster cortical injection sites with common CP termination fields across the rostral, intermediate and caudal CP (Figs. 1f,g  and 2) . The Louvain algorithm employs a randomized, greedy optimization, and can potentially reveal different community structures across multiple runs. To mitigate this, we ran the algorithm 1,000 times and reported the community structure that emerged most often: the community structure mode. For visualization, matrices were reordered and color coded according to community structure, with communities of connections being grouped close to the diagonal ( Figs. 1g and 2 ). An accompanying color-coded CP illustrates the anatomic locations of the communities (Figs. 1h and 2) .
Subsequent analyses extracted smaller clusters of distinct projection fields, or domains, in the communities. Smaller domains were difficult to detect by the Louvain, as it is not optimal for recognizing communities with members of unequal sizes. Accordingly, a measure of centrality for the CP projection fields, or the centroid, was used to identify the domains (Fig. 1i) . Axonal fields in a community with closely spaced centroids were considered to be a domain of that community (Fig. 1j) . By weighting the centroids by intensity to compute a set of Voronoi seed points, the CP was parcellated into Voronoi cells (Fig. 1k) , which are recognized as functional domains on the basis of their cortical input (Fig. 3b) . Notably, the organization of these Voronoi domains agreed closely with the raw data, and thalamic injections provided confirmation of the domains.
The density of total CP labeling from each cortical source was also quantified by computing complementary measures of intensity and span (Supplementary Fig. 3 ). Although intensity measures the total pixel count of a terminal field (that is, concentration of labeling), span is a measure of how many cells of the grid the labeling occupies (that is, diffuseness of labeling). As such, intensity is indicative of how strong a cortical area's effect is in a specific region of the CP, whereas span indicates the breadth of its effect across the CP. These values were used to compute the labeling density index (LDI), summarizing the labeling properties originating from an injection site in a single value (http://www.mouseconnectome.org/MCP/page/tables?paperId=18 for tables containing these values).
In addition, cortical projections to neighboring CP domains showed varying degrees of overlap, which obscured hard boundary demarcation and suggests that there is an interaction across domains. Overlap values capturing this degree of CP convergence among individual cortical sources and domains were calculated and are available online (http://www.mouseconnectome.org/MCP/page/ tables?paperId=18).
Cortico-striatal projections to the intermediate CP Four communities were detected at the intermediate level of the CP (CPi): the dorsolateral (CPi.dl), ventrolateral (CPi.vl), dorsomedial (CPi.dm) and ventromedial (CPi.vm). Visualizations of this output revealed the four quadrant arrangement of the communities and their relative boundaries (Fig. 2) . These communities were further subdivided into 14 distinct domains (Fig. 3b) . The hierarchical organization of communities and domains, and all of their cortical constituents are provided ( Fig. 3a and Supplementary Fig. 4) . Abbreviations of all cortical areas used throughout the report are available in the legend for Figure 2 .
The somatic sensorimotor cortical-lateral striatal networks The CPi.dl and CPi.vl received inputs from all somatic sensorimotor cortical areas ( Fig. 4a-c; for injection sites and validation of projection specificities, see Supplementary Fig. 5a-d) . At the cortical level, all of these areas are organized into five distinct subnetworks that process trunk, lower limb, upper limb and orofaciopharyngeal (mouth and nose) information 1 . Each subnetwork is comprised of domains in the primary somatosensory (SSp-body subfields), primary motor (MOp) and secondary motor (MOs) cortical areas that represent a specific body feature. Each node in the same somatic sensorimotor subnetwork was reciprocally interconnected 1 (Supplementary Fig. 5e ) and each sent projections that converged onto the same CP domain. Each sensorimotor subnetwork generated parallel descending projections that somatotopically innervated CPi lateral domains corresponding to their body region and subsequently formed five parallel somatic sensorimotor cortical-lateral striatal networks (Fig. 4d,e) .
Input from body region-specific areas of the SSp-body subfields subdivided the CPi.dl and CPi.vl into five smaller domains, which revealed a clear somatotopic map of the mouse body. This map had Images were imported into in-house software for warping. Fiducial markers were placed on the Nissl image of the sample to be warped, such that they matched the marker pattern of the corresponding atlas Nissl image. The sample was then deformably warped. (c) The warped PHAL channel was segmented and binarized, yielding a monochromatic image of axonal labeling. (d) The segmented image was superimposed onto its corresponding atlas level, in which the CP was divided into grid cells. Superimposed axons in each grid cell were quantified. (e,f) The quantified labeling for each injection was compiled into a spreadsheet and the data were expressed in a matrix with cortical areas along the y axis and cells of the grid along the x-axis (f, top). A community detection algorithm was used to group cortical areas projecting to a common set of cells (f, bottom). (g) The matrix was reordered and color-coded according to community structure. Cells boxed in red depict quantification of segmented image in c. (h) The grid cells were recolored to visualize, in the CP, the spatial arrangement of the communities to which they belong. (i) Communities were subdivided into domains using the centroid, or center of gravity, of each terminal field. The original labeling is shown in red and labeling after 95% cutoff, which was used for centroid generation, is shown in green. (j) Axonal fields in a community whose centroids were closely spaced defined a domain. (k) Using intensity-weighted centroids as seed points, we parcellated the CP into Voronoi cells, demonstrating the relative domain boundaries.
npg r e S O u r C e a dorsal to ventral orientation, with the dorsal domain (CPi.dl.d) receiving densest input from the SSp-tr (trunk), the intermedial dorsal (CPi.dl.imd) from the SSp-ll (lower limb), the intermedial ventral (CPi.vl.imv) from the SSp-ul (upper limb), and the ventral (CPi.vl.v) and ventral tip (CPi.vl.vt) domains from rostral-caudal positions in the SSp-m (mouth) (Fig. 4a-d) . Downstream projections suggest that the rostral likely represents a feature of the inner mouth (SSp-m/i; that is, tongue, buccal wall), whereas the caudal represents a feature of the outer mouth (SSp-m/o; that is, mandible, snout) (Supplementary Fig. 5c ).
Each of these five body domains also received input from regions in the barrel field (SSp-bfd), MOp and MOs that presumably correspond to trunk, lower limb, upper limb, inner mouth and outer mouth ( Fig. 4a-d) .
The exception is that no projections from the SSp-bfd to the inner Figure 2 Visualization of CP communities and domains. Shown are matrices that visualize the CP communities across the CPr (top), CPi (middle) and CPc (bottom). The matrices show cortical injections along the y axis and labeled CP cells along the x axis. For visualization, matrices were reordered and color-coded according to community structure. Corresponding color-coded CP illustrates the spatial arrangement of communities in dorsal striatum. Community color assignments across the CP were coordinated to reflect general projection trends of communities across the structure. For example, projections terminating in the dorsomedial community of the CPi (represented in mustard yellow) generally terminated in the medial community of the CPr (bright yellow) and the dorsal community of the CPc (pastel yellow npg r e S O u r C e mouth domain were detected. Notably, in a domain, axonal terminals arising from different cortical areas also displayed interdigitation rather than complete overlap ( Fig. 4f and Supplementary Fig. 3a) .
The CPi.vl received additional input from the secondary somatosensory cortex (SSs) and from extra-somatic sensorimotor cortices. npg r e S O u r C e the SSs caudal, the gustatory area (GU) and visceral (VISC) rostral area arborized in the outer mouth domain (Fig. 4d,h ).
In addition, the rostral MOs (pole 2), one of two secondary motor cortical areas located at the rostral extreme of the cerebrum, formed part of the CPi.vl community and, given that it had a unique labeling pattern, was designated as its own domain: the ventrolateral central (CPi.vl.cvl) ( Fig. 4g and Supplementary Fig. 6a,b) . The central domains were so named because terminal fields in these domains were restricted to the center of the CP rather than to its peripheral edges.
Injecting multi-fluorescent retrograde tracers into different domains of CPi.dl and CPi.vl revealed the distinct spatial distribution patterns of these striatal projecting neurons in the different regions of somatic sensorimotor cortical areas, which was consistent with the anterograde labeling. Injections in the trunk, lower limb, and upper limb and mouth domains of the CP retrogradely labeled CP-projecting cortical neurons in their corresponding body regions in SSp, SSp-bfd, MOs and MOp. Injections in upper limb and mouth domains also labeled cells in the SSs and VISC, validating these projections ( Fig. 4h and Supplementary Fig. 5f ).
The medial cortical-dorsomedial striatal subnetworks
The dorsomedial CPi (CPi.dm) received inputs primarily from cortical areas in the so-called medial cortical subnetwork (Fig. 5a,g ). This subnetwork is composed of the visual (VIS) and auditory (AUD) areas, as well as a number of higher order association areas along the medial cerebral cortex, including the anterior cingulate (ACA), retroplenial (RSP) and posterior parietal association (PTLp) areas 1 . This subnetwork is primarily involved in processing and transferring visual, spatial, auditory and somatic sensory (trunk and lower limb) information to the ventromedial prefrontal cortex (that is, ventrolateral orbital (ORBvl), prelimbic (PL), and infralimbic (ILA) cortical areas). Descending projections arising from these cortical areas formed several parallel medial cortical-dorsomedial striatal networks that innervated five different domains in the CPi.dm (Fig. 5a,g ).
The first domain is the dorsomedial strip (CPi.dm.dm) (Fig. 5c) , a vertical narrow strip running adjacent to the dorsal half of the lateral ventricle that received information from the primary (VISp), posteromedial (VISpm) and lateral (VISl) visual cortices, the medial entorhinal cortex (ENTm), and from the dorsal (RSPd), ventral (RSPv) and agranular (RSPagl) retrosplenial areas (Fig. 5a,f and Supplementary  Fig. 6d ,f,i). The ENTm contains grid cells and is critical for processing spatial information 28 . All divisions of the RSP share reciprocal connections with all visual cortices 1 , and RSPv is the only neocortical recipient of inputs from the dorsal subiculum (SUBd), which has head direction cells that provide spatial information for navigation 29 .
Convergence of neural inputs from these areas suggests the CPi. dm.dm may be a visuospatial convergence zone for integrating visual and spatial information.
The intermedial strip (CPi.dm.im) is immediately ventral to the dorsomedial strip and neighbors the ventral half of the lateral ventricle ( Fig. 5a-c and Supplementary Fig. 6d ). The CPi.dm.im is characterized by inputs from the primary auditory area (AUDp) and the medial part of the anterior basolateral amygdalar nucleus (mBLAa; Fig. 5f ), which has an essential role in Pavlovian fear conditioning 30 . The CPi.dm.im further receives input from the dorsal prelimbic cortex (PL dorsal), medial orbital cortex (ORBm), caudal parts of the temporal association areas (TEa caudal), the ectorhinal cortex (ECT), and posterior basomedial amygdala (BMAp) ( Fig. 5f and Supplementary Fig. 6d) .
Two other domains are the dorsolateral (CPi.dm.dl) and dorsal (CPi.dm.d) CPi.dm (Fig. 5a,b,e) . The densest fibers to these domains were organized similar to horizontal stripes that stack underneath the corpus callosum (Fig. 5b,e and Supplementary Fig. 2a ). The CPi.dm.d began from the dorsal-most edge of the lateral ventricle and fanned out laterally. In addition to direct inputs from the anterolateral and anteromedial VIS areas (VISal, VISam), this domain received inputs from the MOs frontal eye field (MOs-fef) (as shown previously in rats 31 ), the ventral anterior cingulate area (ACAv) and the posterior parietal association area (PTLp) caudal medial ( Fig. 5f and Supplementary Figs. 2a and 6d,e,h). Efferents to the CPi.dm.dl projected from the dorsal ACA (ACAd), PTLp caudal lateral and the PTLp rostral (Fig. 5e,f and Supplementary Fig. 6d ). All of these cortical areas are involved in processing visual information, eye movement, spatial attention, navigation and spatially guided motor planning 1,32 , suggesting that these two adjacent domains, CPi.dm.d and CPi.dm.dl, correspond to a specific oculomotor zone identified in rats and primates that involves reactive saccadic eye control 31, 33 . Projections to the CPi.dm.dl were validated with retrograde tracers that back-labeled neurons in ACAd and PTLp caudal lateral regions ( Supplementary Fig. 6k ).
The final domain of the CPi.dm is the central dorsal (CPi.dm.cd), which is ventral to the CPi.dm.d and CPi.dm.dl and lateral to the CPi. dm.im (Fig. 5a,b) . Inputs to this domain were provided by the lateral and ventrolateral parts of the orbital area (ORBl, ORBvl) and, as is characteristic of central domains, they largely avoided the periphery of the CP (Supplementary Fig. 6b,c) .
The lateral cortical-ventromedial striatal network Cortical structures in the fourth CPi community sent topographically organized projections to three distinct, partially overlapping (Fig. 5a,d and Supplementary Fig. 6g ). Fibers projecting to the CPi.vm.vm appeared to be diagonal, running along the dorsoventral extent of the internal capsule, and were therefore distinguishable from fibers projecting to its dorsally adjacent intermedial strip domain ( Fig. 5d) and its ventrolaterally adjacent ventral domain (introduced below). The CPi.vm.vm was characterized by heavy inputs from layer 6 of the dorsal PL [PL dorsal (L6)], PL ventral and infralimbic cortical area (ILA) (Fig. 5f ). These medial prefrontal areas regulate autonomic and neuroendocrine activities through their projections to the central amygdalar nucleus (CEA), bed nuclei of the stria terminalis, hypothalamus and lower brainstem 7 . Furthermore, the CPi.vm.vm collected input from the ventral auditory cortex (AUDv) and rostral temporal association area (TEa rostral) (Fig. 5f) . The second CPi.vm domain is the ventral (CPi.vm.v), located along the ventral rim of the CP (Fig. 5a,d and Supplementary  Fig. 6j ). It starts from the ventral-most end of the internal capsule and lies between the CPi.vm.vm and the outer mouth domain. It compiles input from the caudal parts of the visceral area (VISC caudal), gustatory (GU), and the dorsal (AId), posterior (AIp) and ventral (AIv) agranular insular areas (Fig. 5f) . These cortical areas are in the anterolateral insular cortical subnetwork 1 and are presumably involved in the control of visceral, gustatory and pain information processing 34, 35 (Fig. 5g) (Fig. 5g) . The CPi.vm.v receives additional input from the piriform cortex (PIR), perirhinal area (PERI) and lateral part of the BLAa (lBLAa) (Fig. 5f) . Projections to the CPi.vm.vm and CPi.vm.v were validated with retrograde tracing (data not shown). The central ventromedial (CPi.vm.cvm) is the final domain of the CPi.vm community, and it receives input from the rostral-most part of the MOs (rostral MOs, pole 1 (P1)), whose inputs were again confined to the central CP (Supplementary Fig. 6b,c) . Fig. 3b and Supplementary  Fig. 4b,c) . For example, moving rostrally from the CPi to the CPr, the relatively segregated projections from cortical areas in different somatic sensorimotor subnetworks converged into a newly identified narrow strip along the lateral edge, the CPr.l.ls (Figs. 6a,c and 7a-c, and Supplementary Fig. 7a ), suggesting that it has a potential integrative role in synchronizing and coordinating motor actions. Moving caudally from CPi to CPc, inputs from the different somatic sensorimotor subnetworks maintained a rough topography. Inputs from cortical areas in the trunk somatic subnetwork (that is, SSp-tr, MOp tr, MOs tr and SSp-bfd tr) terminated in the dorsal part (CPc. d; primarily in the dorsolateral domain, CPc.d.dl), which provides a potential interface for integrating somatic inputs with cortical inputs of different modalities (see below) (Figs. 6b,e and 7a,c, and Supplementary Fig. 7d,e) . The intermediate part of the CPc (CPc.i) received predominant inputs from cortical areas in the lower and upper limb somatic subnetworks, as well as the MOs frontal pole and remaining SSp-bfd domains ( Fig. 6b and Supplementary Fig. 7d,e) . Here, these axonal terminals from different cortical areas still retained topography, but also displayed extensive intermingling or interdigitation. Convergence of these cortical inputs suggests that the CPc.i may coordinate movements of the limbs (Fig. 7a) . Finally, most cortical areas in the mouth subnetworks (that is, SSp-m/i, SSp-m/o, MOp m/o) generated projections that primarily terminated in CPc.v (Figs. 6b  and 7a, and Supplementary Fig. 7d,e) .
Cortical projections to rostral and caudal CP
Similarly, axonal projections arising from cortical areas innervating the relatively segregated CPi.dm.dm (that is, VISp, VISpm, ENTm, RSP and ACAv) and CPi.dm.im (that is, AUDp, ECT and amygdala) extended rostrally to converge in the CPr.m (near the ventricle) (Fig. 6a-c and Supplementary Fig. 7a,b) and caudally to terminate in a CPc.d domain, CPc.d.dm (Fig. 6b and Supplementary Fig. 7d,e) . Although little is known about its functional role, this narrow strip along the wall of lateral ventricle across the entire CP specifically integrates multi-modality afferents, such as visual, spatial and auditory inputs with inputs from association areas, such as RSP, ACAv, ORBm and amygdala (BLAa, LA and BMAp), and temporal association areas associated with perception [TEa, ECT and lateral entorhinal area (ENTl)] (Fig. 7a,c) .
Axonal projections from cortical areas that primarily innervate the proposed oculomotor zone of the CPi.dm.d and CPi.dm.dl (that is, MOs-fef, ACAd, PTLp caudal medial, VISam and VISal) extended rostrally to target the CPr.imd (Fig. 6a and Supplementary Fig. 7a-c) . Caudally, these axons heavily terminated in the CPc.d.vm, but also intermingled with cortical inputs in two adjacent domains, the CPc. d.dm and CPc.d.dl (Fig. 6b and Supplementary Fig. 7d) . Notably, axonal projections from cortical areas that innervate CPi.vm.vm (that is, ILA, PL, TEa and LA) also converged in CPc.d (Fig. 6b) . Taken together, the CPc.d appears to be an important convergence zone that integrates cortical inputs associated with body trunk (including head and neck, SSp-tr, MOp tr and MOs tr 1 ), eye movements (that is, MOs-fef, ACAd and RSP), attention and decision making (that is, ACA, ORB and PTLp), and fear memory (that is, ILA, PL, BLAa and LA) (Fig. 7a) .
As described previously, all areas in the anterolateral insular subnetworks 1 , including VISC and all AI divisions, generated dense projections in CPi.vm.v at the intermediate CP. These axons extended rostrally into the ventrolateral edge of CPr (defined here as CPr.l.vm) (Fig. 6c) and caudally into CPc.v (Fig. 6a,b,g ). Dense projections arising from the visceral (VISC) or gustatory (GU) cortical areas generated two densely packed adjacent terminal balls in CPc.v, referred to here as the CPc.v.vm and CPc.v.vl, respectively (Fig. 6f,g ). In addition, the entire CPc.v received dense inputs from all divisions of the AI (Supplementary Fig. 7e) . Classically, these areas in the anterolateral insular subnetworks (that is, VISC, GU, AId, AIv and AIp) are known to process visceral and inner state information and to regulate autonomic function through their inputs to the CEA, the visceral motor striatum 35, 36 . Little is known about the functional relevance of cortico-striatal projections from these classic limbic areas to CP. However, the ventral edge comprised of the CPi.vm.v, CPi.vl.vt and CPc.v received somatomotor information pertaining to mouth, and input from rostral VISC and GU. Thus, this ventral edge is in a strategic position to integrate visceral, gustatory, olfactory and somatic information to regulate orofaciopharyngeal movements associated with feeding behavior or stereotyped motor sequences for predatory npg r e S O u r C e eating 37, 38 (Fig. 7a,c) . This functional role is complementary to that of the ventrally adjacent CEA, which receives similar cortical inputs, but primarily regulates autonomic function 36 . npg r e S O u r C e termed the caudal extreme (CPc.ext) (Fig. 7a,d ). In addition, dense projections from the TEa filled a gap between the AUDp terminals and external capsule in this caudal extreme domain (Fig. 7d) , which also received inputs from VIS, PTLp, ORBvl, ORBm and SSs caudal. in the MOs, SSp, and SSs, respectively (Fig. 6d) . Furthermore, FG and CTb 647 tracer injections in the CPc.d and CPc.v labeled neurons in ACA, RSP, VIS, PTLp, ECT, and in the SSp-m and SSs, respectively, validating the cortical projections to these domains (Fig. 7e) .
The ENTl projections to the CP The ENTl strongly connects with almost the entire cortex and is therefore suggested to be a critical hub of interaction for cortical information 1 . It was excluded from the analysis because of its broad, dispersed projections to the rim of CPi, which spanned across six domains (Fig. 7f) . These broad CP connections mimicked its broad characteristic connections in the cortex, where it is connected with the medial prefrontal cortex, all cortical areas in the lateral cortical subnetworks, the hippocampus, olfactory cortical areas and amygdala 1 .
Cortico-striatal disconnections in HD and MAO A/B KO mice A detailed murine cortico-striatal projectome can provide a structural frame for studying disconnection pathogenesis of disorders recaptured in mouse models [21] [22] [23] 39 . Accordingly, we applied our computational neuroanatomical workflow and newly delineated CP domains to quantify select cortico-striatal projection pathways in two mouse models, each of which represents a different category of disconnection syndrome. The first was the heterozygote zQ175 mouse, a full-length knock-in model of HD 40 , an inherited neurodegenerative disorder with motor, psychiatric and cognitive deficits. Heterozygotes were chosen because, unlike homozygotes, they do not exhibit cortical and striatal cell loss and striatal shrinkage, as measured stereologically in aged animals 40 , which could result in a general disruption of all cortico-striatal circuits rather than circuit-specific compromises. The second model was the MAO A/B knockout 41 , which is primarily recognized for its aggressive behavior, as well as for the neuropathological features it shares with models of autism spectrum disorders. These include reduced thickness of the corpus callosum and increased dendritic arborization of pyramidal neurons in the prefrontal cortex 41 , both of which are typical phenotypes of developmental disconnection syndromes 42 .
Comparisons of select cortico-striatal connections were made in zQ175 (at 12 months of age) and MAO A/B knockout mice (at 12-14 months of age), as well as their age-matched wild-type (WT) littermates. Specifically, projections from the upper limb motor regions (MOs ul and MOp ul) were studied in zQ175 subjects, whereas orbitofrontal (ORBvl) projections were the target of investigation in MAO mice. A standardized injection protocol was instituted to accurately assess quantitative differences of connectivity strength between groups. This controlled individual variability of injection sizes and ensured the reproducibility of injection locations (Supplementary Fig. 8a,c,d) 1 . Signal intensity was normalized by injection size to control for label variability produced by injections of different sizes (Supplementary Fig. 8b) .
In zQ175 animals, projections from MOs ul to CPi revealed a significant reduction in overall label intensity when the CPi was quantified as a single structure (Fig. 8g) . Post hoc domain level assessments showed that ipsilateral reductions occurred specifically in the CPi.dl.imv, CPi. dm.cd, CPi.vm.v, CPi.vl.vt and CPi.vl.cvl domains (Fig. 8a-c and  Supplementary Fig. 9a) . Contralaterally, significant reductions were observed in mostly the same domains: the CPi.dl.imv, CPi.dl.imd, CPi. vl.vt and CPi.vl.cvl ( Fig. 8c and Supplementary Fig. 9c) . The reduction in signal in these domains ranged from ~40-60% in both hemispheres (P < 0.05 for all). These reductions in signal intensity did not affect the span of axonal terminals in the CPi as a whole (ipsilateral, P = 0.43; contralateral, P = 0.42; Fig. 8f and Supplementary Fig. 9f) .
Notably, projections from the MOp ul remained unaffected, which is suggestive of pathway-specific loss rather than generalized perturbation of all cortico-striatal connections (Supplementary Fig. 9d,e) .
MAO A/B knockout mice displayed significantly reduced normalized signal intensity values compared with WT littermates in both ipsi-and contralaterally projecting axons in the entire CPi from ORBvl (P < 0.05 for both; Fig. 8g and Supplementary Fig. 9b ). The span of the projections was also significantly reduced both ipsi-and contralaterally in the MAO A/B knockouts (P < 0.05 for both; Fig. 8f and Supplementary Fig. 9f) . Domain-level analysis revealed reductions in the ipsilateral CPi.dm.cd, CPi.vm.cvm, CPi.vl.cvl, CPi.dl.imv, CPi.dm.dl and CPi.dl.d (P < 0.05; Fig. 8d,e) . Contralaterally, reductions were observed in the CPi.dm.cd, CPi.vm.cvm, CPi.vl.cvl, CPi. dm.dl, CPi.dl.d, CPi.dm.d, CPi.dl.imd and CPi.dl.imv (P < 0.05 for all; Fig. 8c-e) . The reductions in signal intensity in these domains ranged from ~60-90%.
DISCUSSION
Cortical projections to striatum have been examined across different species 5, [11] [12] [13] [14] [15] [16] [17] . However, compiling a comprehensive cortico-striatal map from studies that use different species, strains and methodologies is challenging and can lead to inconsistent conclusions. A comprehensive, reliable connectivity map requires systematic data collection and analysis workflows. We systematically collected and analyzed striatal projections from all cortical areas that project to the dorsal striatum and created the most comprehensive corticostriatal connectivity map available for any mammalian species. For example, partial somatotopic maps of the CP have been described for primates, cats and rats 11, 12, 14 . We, however, identified CP projections from nearly all somatic sensorimotor cortical areas representing five body subregions for a complete somatotopic map across the entire CP. A thorough investigation of CP projections of intracortical regions was conducted, and found that different regions in a single cortical area project to different CP domains, that is, rostral versus caudal regions of SSs, VISC, PTLp, TEa, dorsal versus ventral parts of the PL, and medial and lateral parts of BLAa. Notably, comprehensive assessment of the convergence and divergence of all cortico-striatal projections was conducted, which, to the best of our knowledge, has not been conducted for any species. This data was used to objectively subdivide the CP into 29 domains whose anatomic locations, relative boundaries and cortical afference are clearly delineated across the CP (Fig. 3b and Supplementary Fig. 4) . The functional relevance of these domains is implicated by their cortical afference and can be directly tested using different methods (Fig. 7a) .
Furthermore, the current understanding of the brain is that it functions as a system of interacting networks rather than a collection of independent circuits or structures 43 , highlighting the importance of approaching connectomics from the network perspective. We previously assembled the global neural networks of the mouse neocortex 1 , which revealed that all cortical areas are organized into several functionally specific subnetworks: three somatic sensorimotor, two medial and two lateral. Continuing on this trajectory, we used the cortico-striatal projectome to construct the cortico-striatal networks based on our previously identified cortical subnetworks. We found that descending projections from cortical subnetworks extensively reconfigured across the rostral, intermediate and caudal divisions of the CP. This extensive convergence, divergence and reconfiguration suggests that the dorsal striatum provides an important subcortical interface for mediating segregation, integration and interaction of information from different cortical networks.
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Projections from cortical hubs to center CPi domains At the cortical level, several regions of the cortex potentially serve as hubs that bridge the communication between different subnetworks 1 . The cortical connectivity architecture of the frontal MOs poles and ORBvl warrants their identification as potential hubs 1 . The ORBvl receives convergent inputs from visual, auditory and somatosensory cortices, as well as pre-integrated information from association cortices such as PTLp and ACA. Similarly, the MOs rostral poles receive massive converged inputs from all other somatic sensorimotor networks 1 . These three structures generated unique localized projections to the three center domains of CPi, namely CPi.dm.cd, CPi.vl.cvl and CPi.vm.cvm. Their terminal fields in the center domains were mostly confined to the center of the CPi and did not encroach into the periphery. Unlike the peripheral CPi domains that receive input from multiple cortical areas, the number of cortical areas that projected to each central domain was limited to these single structures. This suggests that these central domains may not be as integrative in nature as their peripheral counterparts. It may be because the central domains receive highly processed information, which obviates the need for further integration. This physical and connectional difference of the peripheral and central domains leaves the impression of a center/periphery-like arrangement in the CPi that is reminiscent of the core (inner region) and shell (outer region) organization of the nucleus accumbens in the ventral striatum 44, 45 .
Relevance of CP communities and domains
A large majority of studies examining the functional relevance of the dorsal striatum have approached the CP as a quadrant structure, often assigning functions to its dorsolateral, dorsomedial, ventrolateral and, to a much lesser extent, ventromedial divisions. The lack of a standard structural framework regarding the relative boundaries of these quadrants makes comparisons and interpretation across studies difficult. Our findings offer the structural frame (Fig. 2) . Furthermore, the functions of the specific domains can be partially inferred from their cortical input. From this perspective, our cortico-striatal projectome aligns nicely with striatal functions proposed in the literature. For example, lesions of a region of the dorsolateral CP that corresponds roughly to the trunk region in our findings disrupt the implementation of a stereotyped grooming sequence 46 . This is congruent with studies that demonstrated the role of the dorsolateral CP in habitual behaviors 8, 9 . Lesions of the ventrolateral CP, which we found to correspond roughly to the mouth region, disrupt implementation of stereotyped action sequences exhibited during predatory hunting, including handling and biting 38 . Together, these data suggest that the subregions of the lateral CP are involved in the implementation of stereotyped behaviors involving their corresponding body regions (that is, trunk for grooming, and mouth and upper limb for handling and eating).
While the dorsolateral CP is involved in automatized motor sequences or habits [8] [9] [10] , the dorsomedial is involved in goal-directed behaviors 8, 10 , spatial learning 47 and orienting saccadic eye movements based on reward expectancy 48 . The cortical afference to the dorsomedial quadrant that we observed also agrees with these behavioral designations. For example, the PTLp is involved in the computational aspects of goal-directed actions, including movement planning 49 . Functionally distinct regions of the PTLp code movement plans associated with saccadic eye movements 49 . They do so by transforming sensory information into a common reference frame that is modulated by information from the eyes and head 49 . We identified three distinct regions of the PTLp that project primarily to the dorsomedial CP, where they potentially get integrated with all of the necessary sensory information. For instance, in CPi.dm.d, PTLp input converged with projections from the MOs frontal eye field and secondary visual areas (VISam and VISal). This domain also highly overlapped with, and hence communicated with, the CPi.dm.dm, the primary striatal target of visual and spatial information. Consequently, the proposed roles of goal-directed behaviors, spatial learning and saccadic movements assigned to the dorsomedial CP are aligned with the cortical afference to this region.
Characterization of circuit-specific connectopathies We used our mesoscale connectomics approach to characterize specific pathological cortico-striatal connections in HD zQ175 mice and MAO A/B knockout mice. Our data revealed that MOs ul projections to specific lateral CP domains were affected in HD. Such characterization of circuit-specific connectopathies in animal models is important to constrain future experimentation to specific cortical and striatal regions and will offer strategies for more targeted therapeutics 50 . For instance, reductions in the MOs ul projection to CPi was limited to 5 of the 14 domains in the HD model. Thus, testing of new therapeutics to prevent cortico-striatal axonal loss in HD should focus on these five domains of the CPi to assess for improvement. Similarly, physiological investigations of postsynaptic responses in this cortico-striatal pathway would likely find differences in medium spiny neuron responses in the CPi domains showing the greatest disease-related changes.
METHODS
Methods and any associated references are available in the online version of the paper. was also assigned as labeling. Conversely, any pixel jointly below global and local threshold values was designated background. These reconstructions represented all labeling, including axonal pathways, terminal boutons and varicosities.
An important concern when employing automated analysis of connectivity is the issue of fibers of passage getting annotated as functional connections when in fact no synapses exist. Pathways devoid of synapses can produce bright labeling that get annotated as positive pixels. This is especially relevant with regard to the fascicles indigenous to the dorsal striatum. However, the degree to which these axons rather than terminals are labeled is tracer dependent. PHAL labels far less CP fibers of passage than AAV tracers. Triple anterograde tracer injections of PHAL, AAV-GFP and AAV-RFP in the MOs upper limb demonstrate this notion. Fascicles are intensely labeled by the AAV tracers, but not by the PHAL (Supplementary Fig. 2b) . Further, higher resolution confocal imaging at 40× magnification clearly shows the abundance of PHAL-labeled varicosities and boutons, both of which are indicative of synaptic contacts 54 ( Supplementary  Fig. 2c) , and both of which are far greater in number than axons of passage. This suggests that positive pixels detected using our analysis were most likely representative of connections rather than fibers of passage since PHAL-labeled pathways were primarily used for quantitative analysis.
The registration output also served as source images for both a comprehensive cortico-striatal connectivity map of the CP, as well as input to our automated annotation system. The cortico-striatal connectivity map contains a collection of 62 reconstructed cortico-striatal pathways within the ARA neuroanatomic frame (http://www.mouseconnectome.org/CorticalMap/page/map/protected. htm?projectId=5). Reconstruction of each pathway was rendered into an individual layer, allowing patterns of efference from multiple cortical source regions to be composed and compared by activation and deactivation of layers (Fig. 6a) .
To facilitate annotation, the CP at atlas levels 41 (+1.345 mm), 53 (+0.145 mm), and 61 (−0.655 mm) was divided into a grid of 35 × 35 pixel cells with a spatial dimension of 22.5 µm 2 (~0.6 µm per pixel). An overlap value at each cell was computed by projecting the segmented labeling output onto the grid. We employed this overlap process to annotate the 62 cortical injection cases. We further analyzed the annotation data to objectively identify groups of cortical injection sites that send converging input within different CP regions. To perform this final stage of the informatics pipeline, we first built an adjacency matrix out of our annotation data. The graph structure of the data is relatively simple: nodes and connections are organized as a multi-tree with two levels: the cortex and the CP grid cells. We therefore were able to apply a Louvain community detection algorithm 27 to the data and identify clusters of injection sites with similar CP termination fields. The algorithm implementing the Louvain analysis was obtained from the Brain Connectivity Toolbox and executed in MATLAB 55 . Given the modularity of the data (that is, highly topographic labeling), a modularity optimization algorithm like the Louvain was well suited. The Louvain algorithm has a lower asymptotic complexity than other clustering algorithms, employing a randomized, greedy optimization. However, the element of randomness makes it probable that the algorithm will reveal a different community structure over multiple runs. To mitigate this issue, the algorithm was run 1,000 times. The community structure that emerged most often, which we defined as the community structure mode (borrowing from statistics) is reported. A mean and s.d. for the number of communities that was detected across the 1,000 runs was also computed. The community structure mode for the CPi occurred 23/1,000 times with a q value of 0.4963. The mean and s.d. for the number of communities for this division were 3.99 ± 0.35. For the rostral CP, the community structure mode reported occurred 32/1,000 runs with a q value of 0.325 and a mean of 4.265 ± 0.578 for number of communities. Finally, the community structure mode for the CPc occurred 23/1,000 times with a q value of 0.442 and a mean of 3.07 ± 0.299. Community structure analysis executed on randomized graph models corresponding to each CP level (that is, rostral, intermediate, caudal) returned 1000 unique communities. These different, essentially opposite, results demonstrate that the communities detected by the Louvain with the non-randomized data were statistically significant.
Subsequently, to aid visualization we employed the community structure to re-order and color code an adjacency matrix such that connections were placed close to the diagonal. An accompanying color-coded CP illustrates the spatial arrangement of the communities. The code for generating the illustrative color-coded CP employed a 'winner takes all' reconstruction of community terminal fields. For each cell, the method compared overlap data from across injection sites and colored according to the community with the greatest quantity of labeling.
The raw data and connectivity map showed the existence of topographically organized projection fields within these individual communities, suggesting the existence of relatively smaller CP domains with a more restricted number of cortical sources. Since modularity optimization algorithms like the Louvain are not optimal for detecting smaller communities and communities with members of unequal size, subsequent analyses were performed to extract the smaller clusters of projection fields embedded within the superordinate communities. Accordingly, a measure of centrality for the CP projection fields of each cortical area was computed. The centroid, or the arithmetic average coordinate of a reconstructed terminal field (that is, center of gravity), was used as this measure. Generally, projections from the cortex terminated most densely within a circumscribed CP domain and more diffusely to regions adjacent to the condensed terminal field, providing some degree of overlap between neighboring regions and obscuring clear boundary demarcation. However, the segregation among the dense cores of the terminal fields from different cortical regions was clear. To better represent the dense cores of these projections, only pixels in the densest subregions of the field were analyzed with the centroid method. This was achieved by making the entry of a pixel of positive labeling into the centroid analysis conditional on that pixel being contained within a cell of the grid that had a density percentile, with respect to all cells within the grid, equal to or greater than 95%. That is, only pixels within the top 5% of grid cells, based on labeling density were used for the centroid analysis.
To further subdivide the CP into smaller domains objectively, we constructed a Voronoi diagram 56 The resulting average location at each domain was used as a Voronoi seed point. Executing a standard Euclidean Voronoi algorithm on the seed points, the resulting tessellation is shown (Figs. 1k and 3b) . As evidenced by the high degree of terminal field overlap between adjacent domains, hard borders between domains do not exist. Therefore, borders between Voronoi cells simply localize zones of strongest terminal convergence among members of a subdomain (that is, where interaction between convergent sources of cortical efference is most prominent).
In this work we also quantified density of labeling terminating in the CP, defining the complementary measures intensity and span for this purpose. Intensity is simply a sum of the labeled pixels across the CP. Span complements the intensity value, and is a count of the cells of the grid containing labeling. They were calculated using the following equations
where P, C are the number of pixels and cells, respectively, with positive labeling for region R, and I R is intensity and S R is span. where i…N is all injection sites for the given level.
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To summarize label density, the intensity and span values were further used to compute the labeling density index (LDI). The LDI, computed by taking the quotient of the (sum-to-unity normalized) intensity and span, summarized in a single value the labeling properties originating from an injection site. We designated LDI values greater than 1.0 as concentrated, with lesser LDI values defined as diffuse. The equation used to calculate LDI was as follows:
Norm Norm
Tables containing the calculated intensity, span and LDI values for each corticostriatal projection are available online (http://www.mouseconnectome.org/MCP/ page/tables?paperId=18).
Overlap refers to a convergence of terminal fields within the CP between cortical source areas. The overlap value between a source and target ROI is the ratio of common labeling among the two ROIs to total source labeling. To corroborate the domains derived from visual analysis of injection site centroids, higher order overlap values, denoting overlap between domains, were computed from the injection site-scale overlap values. Whereas domains were constituted by multiple cortical areas, overlap values between any two domains were simply the mean of injection site-scale overlaps from one cortical area with another. Overlap was calculated using the following equation:
Common labeling (COM R, S ) between regions R, S:
where L is the number of labeled pixels in common locations across injection sites R, S.
Overlap OVR R S , between regions R, S: code availability. We employed the Brain Connectivity Toolbox (BCT) to analyze the connectivity data, taking particular advantage of the Louvain algorithm implementation 55 . The BCT is freely available at https://sites.google.com/site/ bctnet/. The other computer codes used to generate the findings of this study are available from the corresponding author upon request.
Assessment of injection sites. All cortical injection cases included in this work are, in our judgment, prototypical representatives of each cortical area. We have previously demonstrated our targeting accuracy with respect to injection placement, our attention to injection location, and the fidelity of labeling patterns derived from injections to the same cortical location (Supplementary Fig. 2  in ref. 1 ). In the current report, we also demonstrate our injection placement accuracy and the consistent labeling resulting from injections placed in the same cortical areas. In one case, we applied three different anterograde tracers in the MOs upper limb, which resulted in similar labeling patterns, showing both consistency of injection placement and fidelity of labeling across the injections (Supplementary Fig. 2b ). Repeated injections also were applied in double or triple anterograde tracing experiments to show topography and interdigitation. These injections also validated the striatal projection patterns of the cortical areas involved. For example, injections into the VISam (AAV-RFP), PL dorsal (AAV-GFP), and ORBvl (PHAL) showed the topographic positions of unique CP domains (Fig. 5b) , but also validated the striatal projections of these cortical areas demonstrated in different cases (Supplementary Fig. 6c,d) .
The somatosensory cortices representing each body subfield and barrel fields lay adjacent to one another (Supplementary Fig. 5a ) and therefore cross contamination of injection sites is a legitimate concern when striatal convergence from these cortical areas is considered. First, injection sites were re-imaged using lower exposure parameters than those used to capture labeled neurons and axons. This ensured proper identification of injection locations. Next, the specificity of the injection sites were validated by examining their thalamic and brainstem projections (Supplementary Fig. 5c,d) . Injections into the SSp-tr, ll, ul, and m regions showed clear topographic projections to their corresponding terminals in the ventral posteromedial (VPM) and ventral posterolateral (VPL) nuclei of the thalamus. Trunk representations were in dorsal regions, followed by lower limb which were lateral to upper limb representations, with orofacial representations in the most ventral and medial parvocellular regions [57] [58] [59] [60] . Consistent with brainstem body representations, SSp-ll labeled the gracile nucleus, the SSp-ul the cuneate, and the SSp-m the dorsal parts of the spinal trigeminal (SPV) nucleus with SSpm/o represented dorsal and lateral to the SSp-m/i regions 57, [61] [62] [63] . Specificity of SSp-bfd injections were validated by observing their topographic projections to the medial part of the posterior thalamus (POm), to the VPM, and to approximately the ventral third of the spinal trigeminal, precisely where whisker representations reside (Supplementary Fig. 5d ) 57, 58, 64 .
For the HD and MAO experiments, only injections located within cortical layer V of MOs upper limb (for the HD experiment; Supplementary Fig. 8a ) and ORBvl (for the MAO experiment; Supplementary Fig. 8c) were included in the analysis. Examination of the relationship between injection site size and cortico-striatal terminal field size was conducted. Injection sites were rescanned using lower exposure settings to clearly visualize neurons that had absorbed the tracer (Supplementary Fig. 8a,c) . The number of PHAL-labeled cells in the section closest to the center of the injection site, that is, containing the greatest number of labeled cells, was manually counted. PHAL injections typically result in a dense cluster of labeled neurons; injections resulting in a diffuse labeling pattern, or injections in which the background staining was too high to discern the number of PHAL-labeled neurons, were excluded from the analysis. Pooling the remaining subjects, linear regression of injection site size to cortico-striatal terminal intensity revealed a significant correlation between the two variables: the greater the injection site size, the greater the terminal intensity. This relationship was found for both the MOs upper limb injections (P < 0.05, r = 0.415) and the ORBvl injections (Supplementary Fig. 8b ; P < 0.05, r = 0.615). This relationship approached significance for the MOp upper limb injections ( Supplementary  Fig. 8b) . Therefore, most analyses were conducted using normalized terminal intensity values, in which the raw intensity value for each subject was divided by its injection site size. Further, injection sizes of zQ175 and MAO mice did not differ from their respective WT littermates (Supplementary Fig. 8d ; P = 0.214 for zQ175 and 0.776 for MAO). Exclusion of erroneous injections and counting of labeled cells was performed by experimenters blind to group affiliation.
Statistical analyses. Differences in normalized intensity and span values between mutants and their WT littermates were statistically compared using a two-sided t-test with Welch's correction for heteroscedasticity. Correlations between injection site size and intensity of CP labeling were investigated using Pearson's r. Normality of the data distributions was assumed, but not formally tested. The raw data upon which all boxplots and scatter plots are based are also available.
A Supplementary methods checklist is available.
data availability. All image data comprising the projectome, cortico-striatal projection map, and tables of intensity, span, labeling density indices, and overlap values, are freely available at http://www.mouseconnectome.org.
